Abstract: It has been elucidated that the responses to light by the human eye influence not only color and brightness recognition but also physiological aspects such as hormones. Melatonin, which affects human circadian rhythms, is sensitive to the blue wavelength region of light. We have investigated the spectroscopic effects of light from virtual reality (VR) and augmented reality (AR) display devices on nonvisual characteristics by means of an analysis of the spectral power distribution (SPD). The circadian illuminance and melatonin suppression value were introduced as representative figures of merits for spectroscopically evaluating nonvisual characteristics. A VR/AR-like custom-made instrument was used to study how the SPD of the display light source affects nonvisual characteristics. Moreover, using multilayer thin-film filters, optimal conditions for minimizing the change of the visual color characteristics of the display while reducing the influence on the non-visual characteristics are also discussed. For the AR device, we found that its spectrum was mostly affected by external light rather than by the spectrum of the AR display itself.
Introduction
The human eye, which receives light, acts as a type of sensor that transmits signals to the brain through two different pathways [1] , [2] . One is a 'visual' process that recognizes brightness/color and the other is a 'non-visual' process that is related to the circadian characteristics of humans. Rod/cone cells are photoreceptors in the retina which serve as sensors for the 'visual' process. On the other hand, intrinsic photosensitive retinal ganglion cells (ipRGCs) are photoreceptors for an unconscious 'non-visual' process [3] , [4] . Unlike rod/cone cells, ipRGCs contain a photopigment known as melanopsin that undergoes peak sensitivity when exposed to short-wavelength visible light [5] , [6] . For this reason, the two processes show different spectral sensitivity levels. Because the ipRGCs directly regulate the secretion/suppression of melatonin by light, the wavelength-sensitivity function of the non-visual process can be determined from the amount of melatonin suppression [7] - [9] . This biological action curve, called the circadian sensitivity function (C(λ)), shows a peak wavelength in the range of 450 ∼ 480 nm [5] , [6] , [10] - [13] .
The circadian rhythm is a daily internal sleep/awake cycle [14] , and it has been reported that many problems occur when this balance is broken in various kinds of artificial light environment [15] , [16] . Typical problems we experience are sleep disturbance, depression, and jet lag [17] - [19] . Furthermore, neurodegenerative diseases such as Parkinson's disease have been reported to be associated with circadian rhythm [20] , [21] . For these reasons, many researchers have studied the correlation between the spectral profiles of lightings and circadian physiology, sleep-alertness, and cognitive responses.
However, most studies have focused on the effects of artificial lighting rather than on display devices [22] - [26] . Various display applications are currently available, and display devices are everywhere at all times in our lives. Furthermore, as the sizes of display areas continue to increase, it can be said that displays have a level of influence nearly identical to that of lighting in living room or office environments. Recently, studies of the risk of blue light from TVs, monitors, and smartphone screens have been reported [27] - [29] , but systematic studies based on an analysis of the spectral power distributions (SPDs) of displays are rare [30] . Moreover, research on the non-visual effects of head-mounted display (HMD) devices, such as virtual-reality (VR) or augmented-reality (AR) display devices, have yet to be spectroscopically conducted. These displays have received attention as a next-generation platform to replace mobile phones, and their numbers are expected to increase. An important point to note here is that although they are small-sized display devices, they are also light-emitting devices which work close to the eye at night. Therefore, it is necessary to study how these devices spectroscopically affect human non-visual characteristics.
We studied how the light of VR/AR display devices spectroscopically affects non-visual processes from the interpretation of SPDs if the exposure time is long enough to saturate the physiological effects on non-visual systems. The effects of these displays on the circadian characteristics will be discussed through an analysis while controlling certain parameters with various types of optical filters that alter the spectral shapes and wavelengths of light sources. Here, our narrow-bandwidth band-reflective filter with a peak wavelength of 475 nm is selected as an optimum optical filter to reduce the effect of the light emitted from the VR display on the non-visual physiological system and the melatonin secretion response. In fact, this study was based on spectroscopy and thus did not rely on time-consuming and costly clinical trials. Because we have interpreted the results through the convolution of the clinically derived action spectrum for melatonin suppression [10] , [11] and measured the spectrum from light sources, this is a rapid and practical approach by which to predict the quantitative tendencies of the circadian responses of humans to the spectrum of light. In addition, this spectroscopic analysis has the advantage of offering standard reference data without variations due to the age, gender, and/or health condition of the subjects. Ultimately, this study proposes future research directions considering parameters related to the non-visual and melatonin-controlled characteristics of the eye and brain as well as the visual parameters of informational displays, especially near-eye displays for VR and AR devices.
Experimental Details
A HMD typically has one or two small displays, with lenses or semi-transparent mirrors embedded in a helmet or eyeglasses. A VR display is a type of video see-through type of HMD which displays only computer-generated virtual-images from a mobile phone or an embedded digital display. On the other hand, the AR display allows computer-generated imagery to be superimposed on a realworld view through semi-transparent mirrors. In this study, we designed and used a VR/AR-like custom-made optical instrument because for commercialized VR/AR devices, we cannot control the parameters of the light source or optical parts. As shown in Fig. 1 , this device can be equipped with a lens (similar to VR devices) or a mirror (similar to an AR device), and the distances between these optical parts and the light source/measurement parts are adjustable (distances A and B in Fig. 1 ). The light source parts were designed so that R/G/B LEDs can be attachable from To analyze the effect of the SPDs of the VR/AR display on the non-visual characteristics, it is necessary to introduce recently suggested figures of merit related to the circadian rhythm (melatonin suppression) for light emitted from these displays. In our previous studies [30] , [31] , we used the circadian illuminance (CIL, biolux) instead of commonly used visual illuminance (VIL, lux), which can be spectroscopic-physiologically defined as a measure of how much incident light is correlated with human circadian perception. This can be determined from the SPDs of the light source wavelengthweighted by a C(λ), considered as the capability of the light source to activate the human circadian system. In addition, these CIL values corresponded to the melatonin suppression value (MSV), which is a measure of the potential spectral impact of a light source on the suppression of melatonin. This was quantified through clinical and photometric research by other working groups [10] - [12] . We used the relative standard MSV curve as a function of CILs instead of VILs as explained in our previous report [30] . For example, if a cool-white (CW) LED lamp and a warm-white (WW) LED lamp emit identical levels of light at 500 lux, considering the non-visual effects, the CW LED emits 385 biolux (MSV = 69.2%) and the WW LED emits 185 biolux (MSV = 39.2%). Therefore, we can quantitatively compare how much the CW LED affects the circadian characteristics as compared to the WW LED. Therefore, it is reasonable to use the CIL rather than the VIL. As we described in detail in our previous reports [30] , [31] , the CIL is calculated from the luminous efficacy of radiation (LER, lm/W) and the circadian efficacy of radiation (CER, biolm/W), which can be defined as the ratio of the luminous flux or the circadian flux, respectively, to the radiant flux. As shown in equation (1), the ratio of the CER to the LER is defined as the circadian action factor (CAF, biolm/lm), which is the biological action per unit of visual response. The CIL is the total circadian flux incident on a surface relative to the unit area, and it can be defined by equation (2) below.
Circadian Illuminance CIL, biolux, biolm/m 2 = Illuminance lux, lm/m 2 × CAF (biolm/lm) (2) Therefore, if we know the illuminance and the CAF value from the SPDs of the light sources, we can calculate the CIL, a spectroscopic-physiologically correlated figure of merit which is used to evaluate the effect of the SPD of artificial light on the non-visual responses of the human eye. The higher the CIL is, the stronger the impact on the circadian rhythm is and the greater the suppression of melatonin secretion at night.
Results
For a VR display using a mobile phone, the distance between the display and the eyes is much closer than that between a typical mobile phone and the eyes. Therefore, it is estimated that in VR cases, a greater amount of light is irradiated into the eyes than in most typical instances of the use of a mobile phone. In a typical mobile phone environment, we assumed the viewing distance (from the display to the eyes, 'distance C' for the case shown in Fig. 1 ) to be 25 cm. For VR display cases, a mobile phone is mounted on the headset, and the distance between the display and the eyes is 7 cm. Therefore, in both cases, the illuminance and spectrum were measured at these distances using the same mobile phone. Fig. 2 shows the quantitative changes of the CIL and the MSV as a function of the display brightness under the dark room condition. As shown in this figure, for the VR display case, the CILs and MSVs tend to increase very rapidly when compared to the mobile phone case. When the brightness of the mobile phone is 100%, the measured illuminance is 18.0:499.0 lux (mobile phone:VR display), which corresponds to 15.9:428.1 biolux, and the corresponding MSVs are 1.29:86.1%. These data show that when using the same mobile phone, using the VR display environment causes an increase in the CIL by 27 times over a typical mobile phone environment.
This occurs because, despite the fact that the distance between the display and the eyes is very close, there is an additional focusing effect of the emitting light by the convex lenses in the VR headset. For the VR headset, the convex lenses are mounted close to the eye so that a virtual screen can be displayed by enlarging the screen of the left-and right-eye images displayed on the mobile phone. We measured the effects of convex lenses on the circadian properties using a custom-made instrument (Fig. 1) . The 'distance C' between the white light source (display) and the illuminometer (eye) was fixed at 7 cm, and the CILs and MSVs were calculated from the measured illuminance while varying the position ('distance B') of the convex lens. Fig. 3 shows the highest bio-illuminance when the convex lens is located 1 cm away from the eye. It also shows that the lens acts to increase the CIL when the lens is positioned at a distance of 3 cm or less. In fact, in a commercial VR headset, the position of the convex lens is adjustable according to the individual's visual acuity and is usually placed between 1 ∼ 3 cm. When the lens is 2 cm away from the eye, it has been confirmed that the CIL increase by 44.4% due to the convex lens effect. On the other Fig. 3 . Calculated bio-illuminance as a function of the lens-illuminometer distance (distance B in Fig. 1 ) with or without a convex lens. Distance A (in Fig. 1 ) was fixed at 5 cm and the focal length of the convex lens was 50 mm. hand, the convex lens leads to an increase in the illuminance, though it has little effect on the luminance. When the lens is 2 cm away from the eye, the illuminance increases by 42.6% and the luminance is reduced slightly by 6.6% (376.7 → 353.5 cd/m 2 ). That is, the convex lens has a considerable influence on the illuminance, related to the non-visual characteristics, whereas it does not significantly affect the luminance, associated with the visual characteristics. This condition arises because the circadian characteristics must be analyzed in terms of the flux in which the light is irradiated onto the eye rather than the flux of the light itself emitted from the display. Therefore, we note that when studying the effect of the display on non-visual characteristics, it should be analyzed using the illuminance instead of the luminance.
Next, we attempted to control the wavelengths around the circadian sensitivity curves to analyze the light source factors affecting non-visual properties. In the blue wavelength region, there are several types of commercial LEDs according to the positions of the main peaks and the energy efficiency level. Among them, those with wavelengths of 450 and 429 nm were compared in this experiment. We adjusted the input current to maintain the same white CCTs after replacing the blue LED of light source part e , as shown in Fig. 1(a) , to determine only the LED replacement effects. When the blue LED is changed from the 450 nm to the 429 nm type, the CIL and MSV decrease slightly (65.7 → 62.8 biolux, 20.7 → 19.2%). Although less of a change was observed, the effect on the circadian properties was reduced because the main peak of the circadian sensitivity curve is close to 460 nm, the 429 nm LED has relatively less impact on the circadian properties compared to the 450 nm LED, as shown in Fig. 4 . In fact, the effect on the circadian characteristics can be reduced slightly, but this is not an advisable direction when the main peak of the blue LED shifts toward a shorter wavelength, as this can cause other problems, such as ocular cell disease due to the high energy of short-wavelength light.
Therefore, we designed and fabricated various types of multi-layer thin-film filters to control the SPDs of the light source more precisely. In order to transmit the desired range of wavelengths while removing unwanted wavelength ranges, these were designed in advance using the open-source software OpenFilters, as developed by Stéphane Larouche and Ludvik Marinu [32] . Subsequently, SiO 2 -TiO 2 multilayered thin-film filters were coated onto a glass substrate by e-beam evaporation at 250°C according to the designed structure and thickness of each layer [33] . We created two types of thin-film filters using thin-film pairs of materials with high (TiO 2 , n = 2.3460) and low (SiO 2 , n = 1.4847) refractive indexes. One type was band-pass filters for relatively wide-range wavelength control, and the other was band-reflective (optical notch) filters for narrow-range wavelength control. The interfaces between the layers with the different refractive indexes produce phased reflections, selectively reinforcing or interfering with certain wavelengths. The band-pass regions of these filters can be tuned (wide or narrow) by controlling the thickness and number of layers. Because VR/AR is a type of display and not a type of lighting, it should not have a large effect on the color coordinates due to these filters. Of course, when using wavelength-control filters, they will naturally affect the color coordinates, but it is necessary to find an optimal condition that minimize the color coordinate change while improving the effect on the circadian characteristics.
As shown in Fig. 5(a) , we fabricated thin-film band-pass filters with 1 ∼ 9 SiO 2 -TiO 2 layers which were between 138 nm and 1035 nm thick. The transmittance curves can be control by adjusting the stacked numbers of SiO 2 -TiO 2 pairs, as shown in Fig. 5(b) . When the number of stacking pairs exceeds three, it functions as a typical long-wavelength pass filter (LWPF) above 500 nm, but with one or two pairs, the light in the green wavelength range is partially blocked, as shown in Fig. 5(b) . We attached these filters to the front of light source part c as shown in Fig. 1(a) and measured the changes in the illuminance. Fig. 5(c) shows the changes in the illuminance as a function of the number of stacked pairs. In this figure, all measured illuminances were lower than those without a filter due to the partial removal of the green wavelength range. With one pair, the lowest illuminance level was recorded, as the transmissivity of the green region is lowest compared to other cases. On the other hand, the calculated CIL tends to decrease linearly with an increase in the number of stacked pairs. With one pair, the CIL was reduced to 74.1 → 41.4 biolux and the MSV was reduced by 24.2 → 8.4%. Therefore, these types of filters effectively reduced the influence on the circadian rhythm. However, these filters significantly changed the white spectra and color coordinates of the light source as well, as shown in Figs. 5(d) and 5(e). This show the Planckian locus parts of the 1931 CIE color coordinate, which is the path of the black-body temperature change. The color coordinates of a light source with an attached filter deviate from the Planckian locus path and a red shift occurs the in-color gamut with an increase in the number of stacked pairs. That is, they no longer show white color except when one pair of filters is used. However, even with one pair, the CCTs change significantly from 6988 K to 4843 K, as shown in Table 1 .
Therefore, we fabricated another type of optical filter to control the wavelength of the narrower region. Because the circadian sensitivity function shows a peak wavelength in the range of 450 ∼ 480 nm, we designed and fabricated SiO 2 -TiO 2 multilayer optical band-reflective (band-stop or notch) filters with transmittance valleys and peaks at 460 nm and 475 nm, respectively. We also prepared similarly shaped (with a full width at half maximum (FWHM) of 30 nm) optical bandreflective filters with a transmittance valley-peak wavelength of 560 nm, to study the wavelength dependence, as shown in Fig. 6(a) . To design an optical filter for the desired wavelength range, the thickness and number of stacking pairs must be controlled (the refractive index difference between two oxide materials is related to the FWHM parameter). For example, to shift the transmittance valley-peak to a longer wavelength (460 → 475 nm), the thickness of each layer was increased slightly. To red-shift the transmittance valley-peak further (460 → 560 nm), the thickness of each layer should be increased significantly while reducing the number of stacking pairs. All data are summarized in Table 2 . These filters had band-reflective capabilities such that approximately 85% of the light from the light source was reflected close to the valleys and peaks. Therefore, as determined from the measured SPDs shown in Fig. 6(b) , the intensity around these wavelengths was decreased. When the 460 nm band-reflective filter was installed, the CIL and MSV were reduced considerably by 40.0% (65.7 → 39.6 biolux) and 64.7% (20.7 → 7.3 biolux). However, the color coordinates deviated significantly from the case without a filter, as shown in Fig. 6 (c) and Table 2 . We added a 560 nm filter onto the 460 nm filter to adjust the color coordinates, causing the color coordinates to approach the white Planckian locus path. However, this method of using two filters reduces the wavelength of the green region and is not a desirable solution because it reduces the VIL by 44% (82.8 → 46.2 lux), as shown in Table 2 . In this case, the luminance was also reduced by 44% (376.7 → 210.3 cd/m 2 ). Therefore, we chose another solution: using only a 475 nm filter. Experiments using this filter show that the CIL and MSV values were reduced by 19.3% (65.7 → 53.0 biolux) and 30.0% (20.7 → 14.5%), and the changes of the color coordinates were relatively small, as shown in Fig. 6(c) and Table 2 . Although the CCTs were changed from 6309 K to 5736 K, this was the white color region, and it can be said that this 475 nm filter is optimal because it also reduces the CIL. Some smartphone makers, of course, do not use these types of additional optical filters, instead simply reducing the intensity of the blue light. For example, if activating the 'night mode' switch on an iPhone, the blue light is reduced. In this case, the white CCTs change from 6700 K to 4350 K, similar to the result obtained using our single one-pair widerange band-pass filter. However, as noted above, the change in the CCTs is so large that white becomes yellowish, thus lowering the overall color quality. The 475 nm band-reflective optical filter proposed in this study represents a viable approach that can be applied regardless of the type of display device involved and that does not significantly decrease the white color quality, though the manufacturing cost is increased.
Below is a discussion of the AR experiments. The VR has a device structure for viewing an enlarged virtual screen through a convex lens, but in an AR, the displayed images transmitted through a light waveguide are viewed through a prism or a semi-transparent reflective mirror. Therefore, a mirror instead of a convex lens was mounted in our instrument of optical part b , as shown in Fig. 1 . In addition, while VR is a display device designed to work in a dark environment, an AR is a device which works in several types of lighting and light. Hence, our instrument was set up in a room where CCT control of the ambient light was possible. The spectrum and illuminance were measured while fixing the CCTs in a method approximating an AR of our instrument to 6500 K and while varying the CCTs of the external ambient light. Figs. 7(a) and (b) show the SPDs when the CCTs of the external light are 2700 K and 6500 K while varying the brightness. For the AR, the light emitted from the AR display is mixed with the external light; however, as shown in these figures, the spectrum of the external light is mainly detected rather than that of the AR itself. For example, in Fig. 7(a) , where the AR light source is 6500 K and the external light is 2700 K, the SPDs of the light source show a peak around 620 nm which originates from the external light. As the brightness of the external light decreases (the arrow direction in Fig. 7(c) ), the CCTs of the AR shift toward that of the AR itself. However, as long as the external light is on, the color coordinates of the AR light source are affected by the external light. In other words, the spectrum of the AR display is mostly determined by the spectrum of the external light. Fig. 7(d) shows a graph of the changes in the CILs as a function of the brightness and the CCTs of the external light. As the brightness of the external light increases, the CILs increase linearly. The larger the CCTs of the external light (2700 → 6500 K), the more the blue region peak in the SPDs becomes dominant. Thus, the CILs increase. MSVs also show similar trends, as shown in Fig. 7(e) . In general, commercial AR devices show roughly 10% illuminance compared to VR device under similar luminance conditions, because the areas irradiated into the eyes are relatively narrow. Therefore, it can be said that the influence of the AR itself on the circadian characteristics is relatively less than that by the VR, with greater influence from the ambient external light when an AR is used.
Conclusion
Thus far in this report, we have explained how display light sources spectroscopic-physiologically affect the human non-visual circadian rhythm through changes in CILs and MSVs. These depend on the influence of various parameters, such as the distance between the display and the eye, the optics of the device, and the wavelength modulation of the light source. It has been described that as the CILs, referring to the degree of influence on human eye, increases, the degree of the inhibition of melatonin secretion increases and eventually disturbs the circadian rhythm. However, it should also be noted that these explanations are significant only during long-term exposure at night, when melatonin secretion begins to increase. On the other hand, although melatonin is rarely secreted during the daytime, it is important to suppress melatonin secretion as much as possible because melatonin is secreted well at night if melatonin secretion is suppressed by receiving enough sunlight during the daytime. In other words, the conditions to increase the MSVs, which we have learned from our experimental results, are the conditions that should be avoided at night, but on the other hand are conditions that are helpful for the circadian rhythm during the daytime.
This study, of course, had a number of limitations. A spectroscopic approach cannot explain the effects of factors influencing the circadian rhythm, such as previous histories of light exposure and the durations of light exposure. Nevertheless, as noted in previous studies [25] , [30] , [31] , this method can be utilized to explain the correlation between the flux of light normalized by the circadian weighing factor and the degree of melatonin suppression. Therefore, the results here can be summarized as follows. For VR devices, the distance between the display and the eyes is close such that the CILs are increased significantly as compared to the use of a general mobile phone, which has a great influence on the circadian rhythm. In addition, the convex lenses used in VR devices further increase the CILs. We showed that wavelength modulation of the light source directly affects the non-visual physiological system of human. We also proposed a means of controlling the circadian effect while minimizing the change in the display color coordinates through an optimal filter design. An AR device is designed to see reflected images through a relatively narrow region in an ambient light environment. Therefore, its non-visual characteristics are influenced mostly by external light rather than by the AR itself.
Finally, it is important to note that the display industry has been focused to improve 'visual' characteristics such as brightness, contrast, resolution, color and viewing angle, but henceforth, it is necessary to consider parameters related to non-visual characteristics as well.
